Abstract Forest growth unfavourably reduces low flows and annual runoff in a basin in Japan. Annual precipitation and runoff of the watershed are summarized from observed daily rainfall and discharge, and annual evapotranspiration is estimated from the annual water balance. The water balance analysis shows obvious trends: reduced annual runoff and increased evapotranspiration over a 36-year period when forest growth increased the leaf area index. Between two periods, 1960Between two periods, -1969Between two periods, and 1983Between two periods, -1992, mean annual runoff decreased 11%, from 1258 to 1118 mm, due to a 37% increase in evapotranspiration (precipitation minus runoff) from 464 to 637 mm. This increase in evapotranspiration cannot be attributed to changed evaporative demand, based on climatic variability over the 36-year period of record. Flow duration curves show reduced flows in response to forest growth. In particular, they suggest stronger absolute changes for higher flows but stronger proportional changes for medium and lower flows. A distributed model is applied to simulate the influences of five scenarios based on a 30% change in leaf area index and 5% change in soil storage capacity. From the simulation results, canopy growth appears to contribute much more to flow reduction than changes in soil storage capacity.
INTRODUCTION
In many parts of the world, forest plantations are beneficial in terms of both economic and environmental aspects, such as: timber and wood products, recreational opportunities, sediment control, source water quality improvement and flood reduction. However, in some cases, forest plantations and forest growth have jeopardized water resources by decreasing low flow and 36-year (1960-1995) period of record. Accordingly, the potentially non-conservative influence of forest growth on water resources following afforestation is assessed, including the likelihood of reduced water yields and reduced low flows. This analysis and modelling approach is demonstrated as a useful strategy for understanding the consequences of forestry activities on water resources in human-impacted landscapes.
WATERSHED AND DATA
The Hiji River basin is located in the northwest of Shikoku Island, southwestern Japan ( Fig. 1(a) ). Sub-tropical and temperate weather and frequent typhoons contribute approximately 1800 mm of precipitation per year, and a mild average temperature of 13.5°C. Headwater areas drain to the central region of the watershed, and the drained waters flow along the rivers extending to the north. The final discharge point into the Seto Inter Sea has a drainage area of 1210 km 2 . The main river network extends 103 km from the highest origin point (460 m elevation) in the southwest of the watershed to the river mouth ( Fig. 1(b) ).
The Ozu discharge observation station gauges an area of 1009 km 2 (Fig. 1(b) ) and that area is used as the study watershed. There are 28 rainfall gauges in and around the watershed. They provide daily and annual rainfall data for the 1960-1995 period. The Ozu discharge station provides daily runoff data. Temperature data are available at three weather stations. Most of the watershed area is rural and mountainous, with mountains and hills occupying 90% of the landscape. Table 1 lists changes in aerial forest cover in the watershed at 5-year intervals over the study period, obtained from the forest inventories of local governments. The data show that forest cover is relatively static at around 75-79% of the watershed area. The forests consist predominantly of coniferous trees and broad-leaf trees. The mean age of trees in each inventory year is also listed in Table 1 . The non-forested lands include farms, paddy fields, water ponds and urban areas.
METHODOLOGY
Two methods were used to identify and explain the effects of forest growth on runoff. The first method involved analysis of historical hydrometric data to compare flood and/or low flows over two 10-year periods, before and after forest growth occurred. The second method used a distributed hydrological model to simulate the observed hydrological dynamics, and explore the hydrological impacts of forest growth over time.
Comparison between two periods
In Japan, forested land area and wood volume have increased significantly following rampant national afforestation during the 1950-1960s; forest wood stock in 1995 was twice that in 1956. Rapid forest plantation and growth have produced conservative functions such as floods reduction, but the non-conservative influence (low flow reduction and water yield reduction) have not been fairly assessed or illustrated quantitatively.
The Hiji River basin has experienced patterns of forest plantation and growth similar to the rest of Japan, and provides a valuable case study. As shown in Table 1 , the mean age of both coniferous and broad-leaf trees increased between 1962 and 1992. The mean age would not have increased had the mature trees been regularly thinned, felled and managed. In fact, there was no regular timber harvesting after the vast plantation in the 1950s because of a trend towards importing cheap timber from abroad. Accompanying the increase in mean tree age, the area and volume of leaves and branches also increased substantially. The quantitative increase in leaves and branches is not confirmed or measured, but can be estimated at around 30% between the 1960s and 1980s, based on the literature and available information (for explanation, see section on "Simulation by model"). Accordingly, foliage increased over the 36 years due to tree growth, although the forested land area did not change at the same time.
In this study, two 10-year periods were used for comparison. During the years 1960-1969, the Hiji basin consisted of 78.8% forested land and the mean tree age was 19.1 and 16.1 years for conifers and broad-leaf trees, respectively. This 10-year period represents the watershed condition "before forest growth" in the 36-year records. After natural growth and some minor change in land use during the 36 years, the forested land area during the 1983-1992 period was 75.4%, and mean tree age had increased to 28.3 and 24.7 years for conifers and broad-leaf species, respectively. This period of 10 years represents the watershed condition "after forest growth". The discharge characteristics and watershed water balance were compared between these two periods. It was hypothesized that differences in the volume of runoff and evapotranspiration would be observed between the two study periods. There were two possible reasons for this: an apparent climate change (such as temperature increase) over the study period, and forest growth, as indicated by the increase in mean tree age. It was further hypothesized that the impact of climate changes on the water balance of the watershed was minimal, and that forest growth is the principal reason behind any observed changes in runoff over the study period.
The reason that a period of 10 years was used is simple: the inter-annual variability of climatic drivers (precipitation, temperature, etc.) should be captured by the period length, and the periodmean drivers should be quite close between the two periods, so that a comparison in runoff can be made. A one-or two-year period was not acceptable because precipitation or temperature can be sharply different from one year to the next. Series of 5-year, 10-year and 15-year moving means of annual precipitation and temperature were checked. The 5-year means were not stable or smooth compared to the 10-year and 15-year moving means. Between 1960 Between -1964 Between and 1988 Between -1992 , the precipitation difference of 5-year means was 105 mm. The precipitation difference of 10-year means between 1960-1969 and 1983-1992 was 34 mm, while the difference of 15-year means was 63 mm. The temperature difference for either period length was 0.4°C. Considering stability within a period and similarity between two periods, the comparison period length of 10 years was chosen.
In order to examine changes or differences in daily discharge between two periods, the flow duration curves were analysed. Daily discharge values over the year were sorted in descending order, and plotted to give the flow duration curve (FDC). Six characteristic discharge values were selected from this curve: Q max , the maximum discharge observed for the year; Q 95 , Q 185 , Q 275 and Q 355 , being the discharge exceeded on 95, 185, 275 and 355 days of 365 days, respectively; and Q min , the minimum discharge. The Q max and Q 95 represent flood or high flows, Q 185 and Q 275 represent medium flows, and Q 355 and Q min represent low flows in a year. A 10-year average of each of the six characteristic discharges was calculated for 1960-1969 and 1983-1992 , and these averages were compared to identify influences of forest growth.
Water balance components assessed in this study include annual precipitation, evapotranspiration and runoff: watershed-mean precipitation (P) was obtained from observed precipitation data at the 28 gauges using a spline interpolation method (Watazu et al., 1980; Franke, 1982; ; runoff (R) was obtained from observed discharge data at Ozu station; and evapotranspiration (E) was estimated as the difference between P and R, as the water storage change in the soil or basin in a year is negligible when accounted for on an annual basis. A 10-year-average of each of the three water balance components was calculated for 1960-1969 and 1983-1992 , and these values were compared to identify the influences of forest growth.
Simulation by model
Physically-based hydrological models are useful for simulating the hydrological influences of forest change and can help explain the physical changes observed by many researchers (e.g. Schulze & George, 1987; Richardson & McCarthy, 1994; Yao et al., 1994 Yao et al., , 1995 Bormann et al., 2007a,b) . Nevertheless, model comparisons revealed different model sensitivities to land-use change with respect to water balance calculations (Bormann et al., 2007a) . A distributed and physically-based hydrological model was developed and calibrated for the Hiji River watershed by , that focused on forest hydrology processes such as interception of rainfall, evaporation from intercepted rainwater, transpiration of trees, runoff from surface and subsurface soils, and spatially heterogeneous topography and vegetation. The model was used here to simulate the influence of forest growth on characteristic discharge and annual water balance.
The model structure is shown in Fig. 2 . It consists of two sub-models: the grid sub-model describing hydrological processes at individual grids of a catchment and estimating runoff generated at a grid; and the river sub-model describing the flow routing process in the river network connecting the grids (or receiving grid runoff). At any grid, daily evapotranspiration, percolation, runoff and water storage status are calculated by using the water continuity equation, outflow-storage relationships and empirical formulae, for the various layers -canopy, upper soil, lower soil and groundwater aquifer.
For example, the evaporation of intercepted water on the canopy is calculated as: where p is the daily rainfall, α the ratio of projected forest area to ground area, W C0 the water volume stored on the canopy at the day's beginning, r c the water-holding capacity of canopy which relates to leaf area index (LAI) and changes yearly, r c0 the r c value in 1969, f(t) the empirical function of year t reflecting the effect of leaf area change on interception, A is a coefficient, and the potential evapotranspiration rate E p is estimated with the Hamon formula. The first line of equation (1) means that if no water is stored on the canopy and no rain occurs in a day, evaporation from intercepted water is zero; the second line means that if the stored water plus rainfall on the canopy is less than the potential evapotranspiration rate, all the stored water and intercepted rainfall are evaporated; and the third line means that when the stored water and rainfall are greater than potential evaporation, the daily evaporation from intercepted water is proportional to the rainfall rate. The surface or overland runoff in the day is calculated as:
where p X is the rainfall falling on the soil surface, W U0 is the water content in the upper soil layer at the beginning of a day, T R is the sum of the transpiration of the canopy and soil evaporation, and W Umax is the maximum or saturation storage capacity of the soil. The lateral outflow from the upper soil layer is estimated as:
where W UC is the field capacity of the upper soil, and K UR is the flow coefficient. The sum of surface flow and lateral flows from the soil and groundwater aquifer produces runoff from each grid cell, and this runoff enters the river network to join a river flow routing. The flow routing is conducted with a linear reservoir routing theory, and daily discharge at all river points is estimated.
There are 14 parameters which need calibration. Both spatial and temporal variations in the canopy-related parameters (such as the water-holding value) are considered. Spatial variations in soil storage capacity and flow coefficients are reflected by their minimum and maximum values in the catchment, and the values of each grid vary between the minimum and maximum. Parameter calibration is completed by using data of five years : 1969, 1971, 1979, 1993 and 1994- representing different forest status and meteorological conditions during the whole 36-year period. Inputs to the model include daily precipitation, mean temperature and observed river discharge. Details of the model and calibration can be found from 
The calibrated model was then applied to simulate hydrological responses to different scenarios of forest growth, under the same meteorological input conditions. The year 1969 was used as the base scenario before forest growth. The growth during the 1960s to 1980s caused obvious changes in canopy area (or its interception and evaporation rates), as indicated above, as well as more subtle changes in soil water storage capacity, as soil thickness and porosity features did not change much in 36 years. Under the same meteorological inputs (daily rainfall intensity and daily mean temperature), the model was re-run for five different feasible scenarios of forest and soil change: (a) 30% increase in leaf area index (LAI), (b) 5% increase in soil water storage capacity, (c) 5% decrease in soil water storage, (d) 30% increase in LAI together with 5% increase in soil water storage, and (e) 30% increase in LAI with 5% decrease in soil water storage. The simulated discharge after forest growth was compared with the base scenario values.
The assumption of 5% increase in soil water storage capacity was made based on limited information available in the literature, and was not based on any field measurements related to soil physics. Soil physical properties were investigated by Bandaranayake et al. (1996) for a 1-year-old crop land, a 12-year-old sycamore and loblolly pine plantation and a 50-year-old forest in Tennessee, USA. The soil infiltration and porosity (or water storage capacity) were highest in the 50-year-old forest, intermediate in the 12-year-old plantation, and least in the crop land, indicating the increasing tendency of soil storage capacity with forest growth. Changes in soil bulk density were assumed by Bormann et al. (2007b) for specific land-use changes in a German catchment, based on the values in the literature and their study requirement. The bulk density decreased by 6.5% for a shift from crops to grassland, by 15% for a shift from crops to forest, and by 9% for a shift from grassland to forest. An experimental watershed of Tokyo University, Japan, experienced plantation and growth over 50 years. Its long-term status of soil water content and runoff were modelled by Hashino & Yao (2006) , and an increase in the largest soil storage volume was estimated as 15% when the watershed changed from 45% forested to 97% forested over the 50 years. The change in soil storage capacity would be less than 15% if only tree growth were considered, and the change in forested area not included. In our study of forest growth in the Hiji River catchment, there was no shift in land use, hence the amount of change in bulk density or water storage capacity would be less than under a land-use change scenario. Therefore, the assumption of 5% increase in soil water storage capacity is considered to be acceptable.
The 30% increase in LAI was assumed based on information in the literature and results of investigations on the forest of the catchment. As indicated in Table 1 , the mean age of trees in the catchment was gradually increasing; because mature or older trees had not been felled, while seedlings and young trees were growing. From this, one would assume that tree density increased, and increased density would give a higher LAI (Rowden et al., 1981) . Grote & Suckow (1998) carried out simulations of the sensitivity of water balance to changes in leaf area in east German plantations, and considered yearly changes of LAI over 27 years. The LAI declined with thinning and increased with plantation recovery, ranging between 2.3 and 3.1. This means 25% decrease or 35% increase, respectively. When Schulze & George (1987) modelled the hydrological effects of afforestation and forest growth, they assumed a change in LAI of 1.5 to 4.5. Another useful source for determining forest growth trends or LAI changes is remote sensing data. 1960-1969 to 1983-1992 , a favourable change for flood disaster reduction. However, the decrease in medium (Q 185 and Q 275 ), or low (Q 355 and Q min ) discharge of between 20% and 8% is not beneficial for drought prevention or maintenance of ecologically required basic discharge (environmental flows). In other words, the rain water which has not been incorporated into runoff in the rainy seasons does not stay long enough in the watershed to compensate for evaporative loss in the rainy and dry seasons. The flow duration curves averaged over each 10-year period are plotted in Fig. 3 . The difference between the two curves at the high discharge section is not clear in Fig. 3(a) due to the logarithmic vertical axis. A clear difference in daily discharge values is shown in the absolute changes ( Fig. 3(b) ) and relative changes (Fig. 3(c) ). Apart from a few days in a year, watershed discharge was found to decrease on most days. It may be noted that the absolute change (in m 3 /s) in daily discharge from 1960-1969 to 1983-1992 looks much stronger in the higher-flow section than in the medium-and lower-flow sections. In contrast, the relative or proportional changes (%) look stronger in the medium-and lower-flow sections than in the higher-flow section. The question is whether it is forest growth or climate change, or both, that contributes to the loss of runoff in the watershed or rivers.
RESULTS

Comparison of 1960-1969 and 1983-1992
Annual precipitation data at 28 gauges are used to estimate watershed-mean precipitation (P in mm) for each of the 36 years in the 1960-1995 period. By subtracting observed annual runoff (R in mm) from annual precipitation, watershed-mean annual evapotranspiration (E in mm) is obtained. Series of P, R and E are shown in Fig. 4(b) . Values of all of these variables fluctuate over the years. To check any potential climate change or trend in the 36 years, the series of annually-averaged temperature (T in °C), relative humidity (RH), wind speed (W in m/s), and annual total sunshine duration (S in hours) are shown in Fig. 4(a) . It may be seen from Fig. 4 (b) that a linear trend can be extracted for each of the three water balance components: precipitation has a weak increasing trend, P = 1.7646(year) + 1672.9; runoff has a decreasing trend, R = -3.3788(year) + 1482.1; and evapotranspiration has a strong increasing trend, E = 5.1434(year) + 190.8, where (year) = 1, 2, ..., 36. These trends mean that, although in a 10-year period precipitation tends to increase by 17.6 mm, runoff does not respond in an increasing manner but tends to decrease by 33.8 mm, as evapotranspiration tends to increase strongly, by 51.4 mm. In order to illustrate the change trends more clearly, ratios of runoff to precipitation (R/P) and of evapotranspiration to precipitation (E/P) were plotted (Fig. 4(c) ); these show a clear decreasing trend in R/P, and a clear increasing trend in E/P. The interpretation is that the increase in evapotranspiration directly causes the decrease in runoff.
Three possible factors could have contributed to the increase in evapotranspiration. First, climate change or variability may have provided a changed climate background (temperature, radiation, humidity, wind speed etc.) and, therefore, created an increased atmospheric evaporation demand (or potential evaporation). Second, the forest growth may have resulted in more leaves and denser canopy, and produced greater evaporation rates for canopy evaporation and transpiration. Third, both these situations may have occurred and determined the increased evapotranspiration loss. Regarding the first possible reason, the four climate factors that affect evaporation demand, as shown in Fig. 4(a) , do not show a climate change trend which would lead to greater evaporation demand. On the contrary, all the climate variations (decreases in temperature, sunshine and wind speed, and no obvious change in relative humidity) do not increase E P but rather decrease it a little. Therefore, the climate variability cannot explain the increase in actual evapotranspiration. The real reason must therefore have been the second factor-forest growth.
A comparison of annual water balance between 1960-1969 and 1983-1992 , as shown in Table 3 , corroborates our interpretation in a more persuasive way. The period-mean annual precipitation, runoff and evapotranspiration, P mean , R mean and E mean , respectively, were averaged over each of the 10-year periods. The corresponding mean values of temperature, relative humidity, sunshine duration and wind speed are also summarized in Table 3 . Even when there is a tiny increase of 2% in precipitation, the annual runoff decreases by 140 mm or 11.1%, as the annual evapotranspiration increases by 173 mm or 37.3%. The climatic variation (2.7% increase in humidity, and 3.0%, 1.2% and 26.9% decrease in temperature, sunshine and wind speed, respectively) adversely contributes to the potential evaporation, and would have decreased the potential demand. Therefore, the forest growth-induced increase in evapotranspiration has both countered the positive contribution from precipitation and reduced the runoff generation. 
Simulation by distributed model
To illustrate the results of model calibration, the annual evapotranspiration and runoff obtained from the model using the calibrated parameter values are compared with the observed runoff at the Ozu gauging station, for each of the five calibration years in Table 4 . Annual runoff in 1995, a year which is not used in the calibration, is also listed in the table for further verification. The errors of modelled R versus the observed R obs rank between -15.4% and 13.0%, which is acceptable. Hydrographs of daily runoff at Ozu, modelled and observed, for two years (1979 and The base scenario 1969 is a situation representing the forest and soil conditions before forest growth. Possible changes in LAI and soil storage capacity during the growth period are considered in the five simulation scenarios (Scenario 1: 30% increase in LAI; Scenario 2: 5% increase in soil capacity; Scenario 3: 5% decrease in soil capacity; Scenario 4: 30% increase in LAI with 5% increase in soil capacity; and Scenario 5: 30% increase in LAI with 5% decrease in soil capacity). The model simulation results are summarized in Table 5 . The base scenario and all scenarios use the same meteorological input data set. Differences in annual evapotranspiration or runoff between a simulation scenario and the base scenario, and changes in the six characteristic discharges (Q max to Q min ) are also listed in Table 5 .
Scenario 1, with 30% increase in LAI, would increase annual evapotranspiration by 125 mm (19.7%) compared to the base scenario, decrease water yield by 110 mm (10.2%), and decrease all characteristic discharges, e.g. Q max by 4.9% and Q min by 33.3%. Scenario 2, with 5% increase in soil water storage capacity, would decrease water yield by only 4 mm (0.4%), and increase the characteristic medium or low flows. Scenario 3, with 5% decrease in soil water storage capacity, would, in contrast to Scenario 2, increase water yield by just 6 mm (0.6%), and decrease the characteristic flows. The hydrological impacts of LAI change are much stronger than those of soil storage change, within the limited time of 36 years.
The combination of 30% increase in LAI and 5% decrease in soil water storage in Scenario 5 would increase evapotranspiration by 124 mm (19.5%), decrease water yield by 103 mm (9.5%), and decrease all characteristic flows. The impacts are similar to Scenario 1. Scenario 4 (Fig. 6) , with increased LAI and increased soil storage capacity, would be more likely to occur than other scenarios, and produces very similar impacts to Scenario 1: increasing evapotranspiration by No matter which case is simulated, the percentage changes are greater in low and medium flows than in high flows, but the absolute changes (in m 3 /s) are smaller in low and medium flows than in high flows.
By comparing Figs 3 and 6, we note that discharge changes found from actual data are not the same as those obtained from simulations. This is understandable, as the simulations under idealized and simplified conditions could not completely reproduce real watershed conditions. Nevertheless, the two sets of figures show roughly similar trends and patterns of change. They both show a stronger absolute decrease in runoff for higher flows than for medium and lower flows, and a stronger relative decrease in runoff for medium and lower flows than for higher flows. A notable difference between the two figures is in the greatest relative change: the greatest change in runoff as indicated by direct data analysis occurs on day 220, while the greatest change as indicated by simulation occurs on day 365.
DISCUSSION
The results and findings of our study using the chronosequence method do not differ from the majority of results using the paired-catchment method. This gives positive support and confirmation to the general impression as described in the Introduction: forest growth, like afforestation, will reduce higher flows or flood flows in a watershed, but will also reduce medium and lower flows, as well as reducing annual runoff.
Previous studies have indicated that plantation age strongly affects runoff-the runoff reduction increased with plantation age (Farley et al., 2005) . A similar tendency is shown in the ratios of annual runoff to precipitation R/P (or evapotranspiration ratio E/P) for each year of 1969-1995, for the Hiji River basin, as shown in Fig. 4 . The R/P ratio gradually decreases during the years of forest growth, but the E/P ratio gradually increases with the growth or aging of trees. The rate of change of water yield or low flows is strongly related to climate, according to Farley et al. (2005) . The 11% decrease in annual runoff for a humid watershed with rich precipitation of 1800 mm, when forest growth increased LAI by 30% was obtained in our study. This is comparable to the results of Farley et al. (2005) , who reported runoff decreases of between 20 and 30% for catchments having more than 1500 mm rainfall and 100% increase in LAI.
The phenomenon of having greater absolute changes in high flows and greater proportional changes in medium and low flows, being intuitively expected, is in agreement with many other study results, as summarized earlier.
In the Hiji River watershed, the high rainfall does not allow the occurrence of any zero-flow days. Therefore, the change in flow-duration curve looks gentle and minor, unlike the marked downward shift of the curve described by Lane et al. (2003) .
In the case of forest growth, our simulations indicate the relatively greater importance of leaf area change than soil water storage change in affecting hydrological processes. This is in agreement with Schulze & George (1987) , who argue that the principal effects of forest change on the hydrological cycle are in the receipt and disposal of precipitation, and also with Grote & Suckow (1998) , whose results show that the annual evapotranspiration is positively correlated with LAI. However, when greater forest growth or land-use change are involved, such as the situations studied by Bormann et al. (2007b) , the changes in both leaf area and soil properties will be equally important.
The fact and explanation that forest growth (not climate variability) has led to the evapotranspiration increase and runoff decrease in the Hiji River basin is supported by a statistical study of the 40-year data for the Sameura basin (Yue & Hashino, 2005) , which is located on the same island as the Hiji catchment. Yue & Hashino did not find trends in precipitation or temperature that could explain the changed evapotranspiration and runoff.
CONCLUSION
The non-conservative influence of forest growth on runoff-reduction in medium and low flows and reduction in annual runoff-is further revealed and confirmed by this study for the Hiji River basin, using water balance analysis for 36 years and a physically-based hydrological model. The hydrological influence of forest growth in a watershed is weaker than that of afforestation or other land-use changes that involve greater changes in vegetation and soil.
Our study is a contribution to the chronosequence studies of forest hydrology, which need to be strengthened compared to more established studies that use the paired-catchment method. Three major findings have emerged from our case study: (a) the proportional changes in medium and low flows during the forest growth process are larger than the changes in high flows, while the absolute changes perform in the opposite way; (b) the changes in leaf area with forest growth are more obvious than those in soil physical properties, and the influence on evapotranspiration or runoff generated by the leaf area change exceeds the influence of the soil property change; and (c) any possible influence of climate variability should be identified and separated from the influence of forest growth. In our case, the climate variability does not explain the hydrological changes, and the forest growth proves to be the main reason for the increase in evapotranspiration or the decrease in runoff.
The implications of our study for policy or resource management are briefly addressed. Both afforestation and forest growth have beneficial and non-conservative influences with regard to water resources. The flood-reduction benefits should be taken into account when planning a landuse or water management strategy; but, just as importantly, the negative impacts of forests (reducing water yield and medium or low flows) should be taken into consideration to ensure a safe and reliable water resources system.
